Phase resolved PIV measurements were carried out to assess the flow dynamics occurring in orbitally shaken bioreactors of cylindrical geometry when working fluids of increasing viscosity are considered. Study of the phase-resolved flow characteristics allowed to built a Re-F r map, where four quadrants associated to different flow regimes are identified: in-phase toroidal vortex (low F r, high Re), out-of-phase precessional vortex (high F r, high Re), in-phase single vortex (low F r, low Re), out-of-phase counter-rotating toroidal vortex (high F r, low Re). Turbulence levels are found to be significant only in the top right quadrant (high F r, low Re) and scaling 
Introduction
Shaken bioreactors are extensively used in the early stages of bioprocess development, with micrometer plates (24, 48, 96 or 384 wells) being advantageous for processing a large number of experiments in parallel, while shaken flasks (25 ml -6 l) are the most widely used type of orbitally shaken reactors (ORS) as they offer a cost-efficient system suitable for a wide range of tasks. In recent years large scale shaken bioreactor systems of 500-2000 l in volume have been developed and introduced at the production scale in the effort to reduce scaling problems, and provide a single piece of equipment suitable for different cell culture processes at multiple scales 1, 2 . These large systems are implemented in cylindrical containers usually equipped with a pre-sterilised disposable plastic bag. Despite recent progress of shaken bioreactor platforms, with the development of optical sensors and control loops to improve automation in millilitre scale bioreactors, the number of publications which address scaling up/down aspects of shaken bioreactors is very limited 3 .
The majority of the studies available in the literature, that aimed at an engineering characterisation of the flow in shaken bioreactors, has mainly been carried out with fluids of water-like viscosity 4, 5, 6, 7 . This type of fluid is closer to the culture media most commonly used for growth of mammalian and microbial cells. However, caution should be exerted when micro-organisms characterised by a filamentous morphology are considered. In this case the viscosity of the fermentation broth increases with fermentation time due to the formation of biomass 8 . Büchs et al. 9 report that this viscosity increase over fermentation time will promote out-of-phase conditions with a significant reduction of oxygen transfer and mixing intensity, and altered cell metabolism. In a such a case the whole screening process would unintentionally suffer from inadequate substrate supply to the cells, and would fail to identify improved strains and media. From this perspective the study of Büchs et al. 9 A detailed and thorough analysis of the flow occurring in an orbitally shaken reactor is provided by the experimental study of Weheliye et al. 12 , who carried out PIV measurements in a cylindrical container with water as working fluid. Their study allowed to derive a flow scaling law based on physical considerations, without resorting to the use of power law correlations.
The work covered different internal diameters (d i =7, 10 and 13 cm), filling volumes (V f = 3-7 cm), orbital diameters (d o =2-5 cm), and agitation speeds (N =60-130 rpm) and made use of phase-resolved velocity field and free surface inclination measurements. The scaling law was formulated based on the consideration that the free surface orientation is orthogonal to the resultant force obtained from the vectorial sum of the centrifugal force due to the orbital motion and the gravitational one. Two distinct flow dynamics were distinguished inside the bioreactor depending on the combination of orbital Froude number, F r do , non dimensional fluid height, (1)
where F r do and F r d i are the Froude number based on the orbital and cylinder diameters, respectively (see Equation 3) , and a ow is the water constant of proportionality between the maximum inclination of the free surface and the Froude number (a ow =1.4).
The hydrodynamics of shaken reactors have been indirectly investigated by Büchs et al. 4 and Klöckner et al. 13 by means of power consumption measurements in Erlenmeyer flasks and cylindrical containers, respectively. The power law correlation of the power number, N e, of 
Contrary to the results obtained for Erlenmeyer flasks 4 , the orbital diameter was found to affect the power number in cylindrical containers.
Numerical simulation studies of the flow dynamics in shaken systems have been carried out by Zhang et al. 14 and Zhang et al. 7 for 250-ml Erlenmeyer flasks and in 24-well and 96-well bioreactors for water-like viscous fluids, respectively, while Discacciati et al. 15 developed a pressure correction method to best capture the free surface deformation and assess the shear stress levels in an orbitally shaken cylindrical container for a highly viscous aqueous solution containing 98.5 % of glycerine.
This work builds upon the mean flow transition and flow scaling law identified by Weheliye et al. 12 for fluid of water-like viscosity in a shaken cylindrical container, and aims at extending those findings to Newtonian fluids of greater viscosity. The main objective of this research is to provide improved and novel means to optimise bioprocess design and scaling in orbitally shaken reactors. This is achieved by building a flow transition map based on Re and F r which identifies four quadrants associated to different mean flow dynamics and turbulence levels, as well as by quantifying flow characteristics such as time/length scales, shear/normal deformations and dissipation rate, which can guide the final user in the selection of the most appropriate operating
for a particular bioprocess.
Materials and methods
Phase-resolved PIV measurements were carried out to characterise the flow in cylindrical bioreactors of internal diameter, d i =7, 10 and 13 cm. The cylindrical containers were made of glass and positioned inside a trough to minimise optical distortion at the cylinder wall, while the transparent bottom allowed to gain optical access from underneath the rig. The rig, a mirror, a Dantec intensified camera and a diode laser (300 mW, 532 nm) were rigidly mounted on a LS-X Kühner shaker table, with the laser and the camera being set up differently depending on whether experiments were carried out on horizontal or vertical planes of measurement (more information on the set up can be found in Weheliye et al. 12 ). Experiments were obtained for fluid heights, orbital diameters and shaker speeds in the ranges of h = 3-7 cm, d o = 1.5-5 cm and N = 60-140 rpm, respectively, while either water-glycerine mixtures, seeded with 50 µm rhodamine particles, or silicon oils, seeded with 10 µm silver coated particles, were employed to vary the fluid viscosity within the range ν=1-170×ν w (ν w =10 −6 m 2 s −1 ).
Synchronization of the PIV image acquisition to the orbital position of the rig was achieved by a magnetic encoder coupled to the shaker table and timing box, with the origin of the angular coordinate, φ, being set when the system reaches its position furthest to the left as the clockwise orbit is viewed from above. To fully resolve the large scale flow structures as well as the dissipative length scales, different sets of measurements were employed with spatial resolutions of ∆x i =-0.12-1.3 mm, while, depending on the rotational speed considered, PIV image pairs were acquired with a time interval ∆t=5-10 ms. In the rest of the article a cylindrical coordinate system r, φ, z is employed with the origin positioned on the cylinder axis at the bioreactor base. It should be noted that in some of the plots reported in this work reference is made to negative radial coordinate, r, which, although not consistent with the cylindrical coordinate system employed, it is used here solely to discriminate between points to the left and right hand sides of the bioreactor axis. As mentioned in the introduction the Froude number based on the orbital diameter is an essential parameter to control the flow dynamics inside the bioreactor, and will be referred to here after either as F r do or, to simplify, as F r.
Results and discussion
In the following sub-sections the four parts of the investigation, that is, extension of the flow scaling law to fluids of low viscosity ( § 3.1), mean flow characterisation for highly viscous fluids ( § 3.2, 3.3), F r-Re flow transition map ( § 3.4), and characterisation of the flow time/length scales and turbulence properties ( § 3.5-3.8), are discussed in sequence. In brief, the rationale for the selection of these four parts of the work was to identify the range of viscosity over which the in-phase to out-of-phase flow transition determined by Weheliye et al. 12 is still valid, to assess the flow dynamics when the in-phase to out-of-phase transition occurs when highly viscous fluids are used, to map the combinations of F r and Re delimiting the four different flow dynamics identified, and to provide flow/mixing characteristics and time/length scales that can be used to select the most appropriate operating conditions for bioprocesses with different viscosity fluids.
3.1.
Variation of free surface inclination with viscosity and extension of the flow scaling law .
where a ow is the constant of proportionality for water. It should be noted that the two regions of positive vorticity present at the side and bottom walls of the bioreactor in Figure 3 using the orbital diameter as characteristic length scale, while Re is defined in Equation 7 .
It should be noted that other definitions of Re can be found in previous works on orbitally shaken bioreactors, such as those of Büchs et al. 4 (see Equation 8 ) and Kim and Kizito 10 (see Equation 9 ), which are both based on the cylinder diameter.
In the current work the definition of Equation 7 was selected because it is evident from the scaling law derived by Weheliye et al. 12 , and from the analyses carried out for high viscosity fluids in the previous sections, that the reference speed should be based on the orbital motion To put the results of the flow map of Figure 8 into context, a list of the operating conditions most commonly selected for cultivation of mammalian cells is reported Figure 8 ). It is worth to stress that the map shown in Figure 8 was obtained for a constant non-dimensional height, h/d i =0.3, and comparison with the data of Table 1 should be made with care. The following sections aim at elucidating the variation of the circulation, turbulent kinetic energy and normal/shear rates when different points across the Re-F r map are considered, and at gaining a better understanding of the implications of the different in-phase and out-of-phase flow transition occurring at different Re for bioprocess design.
Kinetic energy variation with flow regime
In this section the turbulent kinetic energy of the flow is investigated for different combinations of F r and Re. The turbulent kinetic energy content was estimated according to the 2D approximation of Equation 10 , where the asterisk denotes the space average of u 2 r + u 2 z over the entire vertical plane of measurement, while the angle brackets denote a phase resolved average.
It should be noted that the dimensions of u 2 r + u 2 z * are m/s, and therefore it should be considered as a reference velocity of the kinetic energy due to turbulent fluctuations, and here after will be referred to as turbulent kinetic energy reference velocity. The data reported in this section refers to a phase angle φ = 0 • .
Estimates of the turbulent kinetic energy content for increasing F r are reported in Figure 9 To take into account the difference in transitional F r c due to the different selection of viscosity and cylinder diameter, the five data sets of Figure 9 (a) are replotted in Figure 9 
Strain rate tensor
Recent studies have shown that "shear sensitivity" should not be considered a major concern for growth of animal cells in suspension 19, 20 , but might play a role when microcarriers and anchorage-dependent animal cells are considered, as the stresses could potentially remove the cell attached to the microcarrier surface 21, 22 . Morevover there is a growing interest in understanding the effect of shear stress on stem cells and cells for therapy, and the low shear levels present in OSRs could potentially make this device a suitable option for scaling up cell expansion using suspension cultures 23 . From this point of view operating conditions should be carefully selected by comparing the Kolgomorov length scale to the size of the microcarriers or cell aggregates 24 . Based on these considerations this section and the following one aim at providing an estimate of the strain rate tensor and dissipation rate occurring in an orbitally shaken bioreactor.
The evaluation of the shear rate magnitude and the identification of high shear zones in the bioreactor are important aspects of bioprocess design, as they directly affect the viability of the cell culture. High shear stress can disrupt the cell membrane, leading to cell death. In this section a 2D analysis of the phase resolved strain and shear rates occurring in the vertical plane of measurement is carried out. The 2D phase resolved rate of strain tensor is defined in 
where S rr , S zz , are the radial and axial strain rates, while S rz is the shear rate. It should be noted that positive (negative) values of the strain rates (i.e. S rr , S zz ) correspond to local stretching (compression) of the fluid element.
The variation of the strain and shear rates, S rr , S zz and S rz of the phase-resolved flow with
Froude number, F r, are shown in Figures 11 (a), (b) and (c), respectively. Two sets of data with different cylinder diameter and viscosity but same Re are presented. As reported in Equation 12
the asterisk denotes the space average of the absolute value of S ij over the entire vertical plane of measurement.
The results of Figure 11 
Rate of viscous dissipation of turbulent kinetic energy and Kolmogorov scale
The rate at which transport processes occur in the bulk of the liquid is highly dependent on the volumetric power consumption and on the distribution of the viscous dissipation rate of kinetic energy, , within the bioreactor. For example, Zhang et al. 7 report that liquid mixing and oxygen transfer rates of a shaken bioreactor are critically affected by both the volumetric power consumption and local levels of viscous dissipation rate of kinetic energy. 
The distribution inside the bioreactor of the viscous dissipation rate of kinetic energy for Figure 12 
. In the latter case, a small change in spatial resolution produces significant variations in the value of the estimated * . Furthermore it should be noted that a higher * is observed for φ=270 • , which is almost double that obtained for φ=0 • when the finer resolution is considered (
. This behaviour is expected since the dominating velocity component for φ=0 • at the outer regions of the cylinder is u θ , which is approximately three times greater than the other two velocity components u r and u z . This implies that for this phase angle it is not possible to extract from the 2D PIV measurement, the term (∂u θ /∂r) 2 which is most likely to account for the largest amount of energy dissipation at φ = 0 • . On the contrary for φ=270 • the main velocity components lie on the plane of measurement, with u z being the greater component in the region, next to the wall, of maximum energy dissipation.
The variation of * with increasing F r is assessed in Figure 12 while for the same F r range the contribution due to the random velocity fluctuations, k * rz , was nearly negligible (k * rz << 10 −2 (πN d o ) 2 ). This implies that at this low F r regime turbulence is not yet developed, and therefore the kinetic energy is mainly dissipated by the viscous stresses generated by the large scale flow structures (toroidal vortex) next to the cylinder wall.
Another important parameter that has to be considered in the design of a bioprocess is the Kolmogorov length scale, η k , which indicates the size of the eddies dissipating most of the kinetic energy, and should be compared to the size of the cultivated cells and/or micro-carriers to establish whether local viscous stresses could potentially determine cell damage. The definition of η is given in Equation 15 .
with being the rate of viscous dissipation of kinetic energy, and ν the fluid kinematic viscosity. and ≈ 1.45 based on the radial Taylor length scale were found in proximity of the wall, where most of the energy is dissipated, and in the bulk flow of the cylinder, respectively, at N = 90 rpm, when flow transition starts to occur, but these values will increase at higher speeds when turbulence builds up (see Figures 9) . Taking into account these limitations the current data can provide a first estimate of the dissipative length scales, which are necessarily present also in a laminar flow. The variation of the dissipative length scale, η k , with increasing Froude number, is shown in Figure 12 (d) . Similarly to the dissipation rate results of Figure 12 (c), the data presented in Figure 12 (d) were obtained for the highest spatial resolution,
From the variation of η k with F r (Figure 12 d) , it is observed that for the lower shaking frequency analysed, N =60 rpm (F r=0.05), a large normalized dissipative length scale,
is observed, whereas for the greater speed considered, N =100 rpm (F r=0.14), the dissipative length scale is
. This analysis indicates that both the measurement spatial resolution and the Froude number, F r, have a great impact on the estimated size of the dissipative eddies, and careful selection of the spatial resolution, especially at high F r, should be sought to produce reliable results that can advise on bioprocess design.
To further assess the current measurements of the dissipation rate of kinetic energy, and to compare with the results available in the literature, the volumetric power consumption, P v , was estimated from the volumetric integral of reported in Equation 16 . In agreement with results of Figure 12 (a), the integral was limited only to the regions next to the bottom and side walls, using the maximum possible spatial resolution,
To take into account the three dimensionality of the system, the measurements were carried out over the entire range of phase angles with a 10 • increment. The discrete integration was made in a cylindrical coordinate system and carried across trapezoidal elements with sides ∆φ=10 • , and ∆z = ∆r=1.2×10 −4 m.
Using this methodology the volumetric power consumption was estimated to be P v =45.6 W/m 3 .
The order of magnitude of the current results compares reasonably well with those of Klöckner et al. 13 , who estimated P v in a shaken cylinder by means of torque measurements, and found 
Circulation time
A further analysis was carried out to asses how the circulation of the toroidal vortex varied with the phase angle, φ. The non-dimensional circulation time, N T * , was estimated from the inverse of the average vorticity obtained from Equation 17 , where the integral is carried out over the area, A ω , corresponding to a vorticity level greater than a fixed threshold.
The variation of the non-dimensional ensemble-averaged circulation time, N T * ω θ =0.1 , with F r and h/d i is provided in Figure 13 (a) . As expected the circulation time is decreasing for increasing F r, as the strength of the toroidal vortex increases in magnitude for greater values of the shaking frequency, N . Moreover it is worth to point out that lower h/d i corresponds to shorter circulation time, implying that advection is greater for those operating conditions, and enhanced mixing could be expected. This is indeed confirmed by the mixing time measured by Tissot et al. 17 who found that for decreasing fluid volume and increasing N the mixing time in a cylindrical shaken bioreactor becomes shorter. In Figure 13 (a) the circulation time at In the previous part the study focussed on circulation times obtained from the tangential vorticity, ω θ , which is the most significant component before transition to out-of-phase flow, when the fluid dynamics in the bioreactor is dominated by a toroidal vortex. In the following an anal-ysis of the secondary circulation time based on the axial vorticity component, ω z , for in-phase conditions is performed. The circulation time was estimated from the average vorticity of Equation 17, where the integration was carried out over regions corresponding to ω z /(πN ) ≥ 0.1.
The size of the integration regions varied depending on the horizontal plane of measurement considered, as these could be either in the "convection" or "diffusion" zones depending on the Froude number and on the non-dimensional fluid height considered 17, 12 . Figure 13 
Conclusions
The results presented in this work shed light on the flow dynamics of shaken bioreactors and on the influence of critical non-dimensional operating parameters on the transport phenomena of such vessels. Flow characteristics, such as circulation time, vortex size, viscous dissipation rate, interfacial area and strain/shear rates can improve process design methodologies and help guide the selection of optimal operating conditions to enhance mixing performances.
The variation of the free surface angle against F r was investigated for different working fluids, and a power law that correlates the constant of proportionality, a o , and the fluid viscosity was determined (cf. Figure 1) . This allowed to extend the flow scaling law derived by Weheliye et al. 12 to fluids of viscosity higher than water (cf. Equation 6) . A thorough analysis of the phase resolved flow fields occurring in an orbitally shaken bioreactor of cylindrical geometry was then carried out, and it was found that the in-phase and out-phase flow characteristics associated to toroidal and precessional vortices, respectively, did only occur for fluids of low viscosity with ν ≤1.7×10 −6 m 2 s −1 (cf. Figures 2) . The in-phase flow of fluids of higher viscosity was characterised by a vortical structure observed below the lowest side of the free surface and extending towards the bottom of the tank with increasing F r (cf. Figure 3) . On the contrary a toroidal vortex with a central downward stream is formed below the wavy free surface when the flow is out-of-phase and ν >1.7×10 −6 m 2 s −1 (cf. A 2D analysis was carried out to investigate the strain and shear rates in the cylindrical bioreactor. A linear increase with Froude number was observed for the space averaged strain/shear rate considered, with the axial strain and shear rates, |S zz | * =|S rz | * =0-1.4πN , being greater than the radial strain rate, |S rr | * =0-1πN , over the Froude number range investigated. The distribution of the rate of viscous dissipation of kinetic energy in the bioreactor was determined by means of PIV measurements, and the associated power consumption was consumption found to be consistent with that determined by 13 for a similar system through torque measurements. The effect of spatial resolution on the estimation of the energy dissipation and of the Kolmogoroff length scale was investigated, and it was observed that for high spatial resolution ( 
